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The red imported fire ant, Solenopsis invicta Buren (Hymenoptera: Formicidae), is an 
invasive species endemic to South America that was inadvertently introduced into the United 
States. This invasive species costs over six billion dollars (USD) annually and causes substantial 
ecological and agricultural damage. While traditional pesticides have been effective, they are not 
realistic for the long-term management of S. invicta. Anthranilic diamides are novel chemical 
insecticides that selectively target the insect ryanodine receptor in the endoplasmic reticulum, 
causing calcium release and insect mortality. In this study, cyclaniliprole, an anthranilic diamide, 
was used to cause significant mortality in S. invicta workers. The oral administration of this 
chemical insecticide to S. invicta workers instigated substantial lethargy and significant mortality 
with increasing concentrations. RNA interference (RNAi) is a known regulator of biological 
systems in insects and was also used in this study to downregulate the short Neuropeptide F 
Receptor (sNPFR) in S. invicta workers and larvae. Gene expression was quantified for sNPFR in 
different S. invicta caste members, and dsRNA was produced for sNPFR and was administered to 
S. invicta brood and workers. Primers for the sNPFR sequence were also produced and tested on 
Tawny crazy ant workers, Nylanderia fulva (Hymenoptera: Formicidae), a natural enemy of S. 
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invicta and invasive pest.  By doing this, a single dsRNA construct could potentially be used to 
manage both S. invicta and N. fulva.  
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Chapter One 
Literature Review 
Invasive species can cause extensive damage to endemic ecosystems, agriculture, and 
economies throughout the world. These species should be identified so effective control measures 
can be taken to reduce the negative impacts of exotic invasive pests. Due to their large numbers 
and interspecific competition, ants are among the most devastating invasive pests across the globe 
(Kronauer 2014).  The red imported fire ant, Solenopsis invicta Buren (Hymenoptera: Formicidae), 
has had one of the most detrimental impacts where it has invaded, and was unintentionally 
introduced into Mobile, Alabama in the 1930s as stowaways in cargo, and currently infest more 
than 129 million hectares across the world (Ascunce et al. 2011, Greenberg et al. 1985, Valles et 
al. 2004). They spread rapidly throughout the southeastern United States, and have more recently 
been introduced to California and other regions of the world, including the Caribbean, Australia, 
New Zealand, Taiwan, Hong Kong, Macao, and China (Ascunce et al. 2011). The current estimated 
costs of control, medical treatment, and damage to property in the United States is greater than $6 
billion annually, including costs of effects on urban areas, pesticide costs, crop and livestock 
losses, and damage to farm implements (Ascunce et al. 2010, Willliams and deShazo 2004). 
Models of potential range expansion for this invasive ant species based largely on historical 
temperature and precipitation data show the potential for this ant to become established on over 
half of terrestrial land masses (Ascunce et al. 2010) (Fig. 1.1). Solenopsis invicta are highly 
aggressive, especially when their nests are disturbed, and cause painful stings to humans, pets, 
domestic animals, and wildlife. More than 50% of the people in infested areas are stung annually, 
with anaphylaxis occurring in 0.6% to 16% of those people (Williams and deShazo 2004).  
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Figure 1.1. Potential global range expansion for S. invicta in the western hemisphere. Red circles 
indicate certain reproductive success; yellow triangles represent possible reproductive success; 
and white circles represent unlikely reproductive success; based on temperature data (Morrison 
et al. 2004). 
Characteristics of S. invicta 
Solenopsis invicta was originally believed to be a red form of the black species S. 
saevissima richteri Forel. (Hedges 1997). In 1972, Buren described the black imported fire ant, 
and determined it to be a separate and distinct species (Hedges 1997).  Solenopsis invicta workers 
are polymorphic in size, between 2.4 to 6 mm in length (Hedges 1998). A stinger is present at the 
end of the gaster and the body color is typically red to brown in color (Hedges 1997) (Fig. 1.2). In 
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South America, S. invicta are predominantly monogynous, indicating that each colony has one 
fertile queen (Allen et al. 2004). In the United States, two forms exist, monogynous and 
polygynous (Allen et al. 2004). Polygynous colonies are substantially larger than monogynous 
colonies, having three times as many workers as monogynous colonies for at least the first 100 
days of colony growth (Tschinkel and Howard 1983). Not only are the colonies larger, but they 
typically have more long-lived, patchily-distributed nest sites (Oster and Wilson 1978). Polygyny 
is one of the key reasons S. invicta has been so successful in the United States.  
 
Figure 1.2. Solenopsis invicta sexuals and polymorphic workers. Pictured are: media worker, 
minor worker, major worker, mated queen (gyne), female alate, minim worker (nanate), and 
male alate (Bockover 2009). 
 
Control of S. invicta  
Due to their aggressive nature and their rapid movement throughout the United States, 
management of S. invicta populations is vital to mitigate range expansion of this invasive pest. A 
limited number of pathogens and parasites of S. invicta have been observed or released in the USA 
(Valles 2012). Currently, two species of endoparasitic fungi, a microsporidian obligate parasite, a 
neogregarine parasite, a strepsipteran parasite, phorid flies (Pseudacteon), S. invicta virus (SINV), 
and Tawny Crazy ants (Nylanderia fulva) comprise the known pathogens and natural enemies of 
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S. invicta (Valles 2012, Chen et al. 2013). Since there are few natural enemies of S. invicta, 
insecticidal baits have been the primary management agent, and have provided effective control, 
but pose disadvantages to longterm use. The primary active ingredients in some fire ant baits 
include Bifenthrin, a GABA disruptor, and hydramethylnon, a metabolic inhibitor (El Hassani et 
al. 2005). Bifenthrin is a pyrethroid insecticide that alters nerve functions by modifying the kinetics 
of voltage-sensitive sodium channels in insects. Hydramethylnon is an amidinohydrazone 
insecticide that inhibits the mitochonodrial electron transport chain (Dorman and Beasley 1991, 
Hollingshaus 1987).These compounds have been shown to be toxic to non-target arthropods and 
mammals, and to degrade in wet conditions, exhibiting the need for a more effective and stable 
control measure (Lucas and Invest 1993).  
 One relatively new group of pesticides that could potentially be used to manage S. invicta 
are diamide compounds. Diamides target the ryanodine receptor, which is named after ryanodine, 
a secondary alkaloid compound obtained from the Neotropical plant Ryania speciosa (Teixeira 
and Andalora 2013). The ryanodine receptor works as a calcium release channel located on the 
endoplasmic reticulum, so the binding of ryanodine to the ryanodine receptor locks the channel in 
a partially-open state, causing calcium escape and insect death (Teixeira and Andalora 2013) (Fig. 
1.3). The selectivity of diamide insecticides toward ryanodine receptors is mainly based on 
differences in ryanodine receptor types between insects and mammals (Teixeira and Andalora 
2013). Diamides have been favorable, as they have a promising ecotoxicological profile and appear 
to be relatively safe to natural enemies (Teixeira and Andalora 2013). The discovery of anthranilic 
diamides followed work done on insecticidal phthalic diamides, which constitute a broad class of 
crop protection agents (Lahm et al. 2005). This group of insecticides can be applied to a wide 
spectrum of targets, with flubendiamide targeting primarily Lepidoptera, while chlorantraniliprole 
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controls whitefly, leafminer beetle, termite species, and lepidopterans (Teixeira and Andalora 
2013). A safe ecotoxilogical profile and high success rates may indicate this could be a promising 
insecticide to manage S. invicta in the United States.  
 
Figure 1.3. (A) The chemical structure of ryanodine, which is a natural alkaloid with insecticidal 
properties. Ryanodine has a high affinity for ryanodine receptors, which are Calcium-release 
channels, releasing Ca2+ from intracellular stores and playing a role in cell signaling. (B) 
Representation of the ryanodine receptor and some of the associated proteins. Some of the key 
proteins that interact with the receptor are: calmodulin (CAM), FK-506 binding protein (FKBP), 
calsequestrin (CSQ), and Ca2+ ions (Teixeira and Andalora 2013). 
Molecular biology of Solenopsis invicta 
 Solenopsis invicta contains an official gene set of 16,569 protein-coding genes. The 
genome is very similar to the genome of many other insects, containing a complete set of small 
RNA-processing genes with orthologs to Argonaute, Drosha, Pasha, Dicer-1, Dicer-2, Loquacious, 
and R2D2. The S. invicta genome harbors four copies of vitellogenin (Vg1-4), which appears to 
play a role in the division of labor, with Vg1 and Vg4 preferentially expressed in workers and Vg2 
and Vg3 in queens. Like other insects, S. invicta also possesses an ortholog to DmOr83b, a broadly-
expressed olfactory receptor (OR), and a wide variety of odorant-binding proteins (OBPs), which 
play a large role in communication. Solenopsis invicta contains a complete set of genes that are 
involved in DNA methylation, maintenance of methylation patters, and tRNA methylation in 
eukaryotes, including DNMT3, DNMT1, and TRDMT1. DNA methylation is hypothesized to play 
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a role in developmental responsiveness to environmental factors and caste determination in social 
insects (Wurm et al. 2010). These genes, along with many others, play a substantial role in the the 
life cycle and behavior of this invasive ant species. 
Biology and life cycle of S. invicta 
 The lifespan of S. invicta workers mostly depends on their size; minor workers may live 
30-60 days, media workers may live 60-90 days, major workers 90-180 days, and queens could 
potentially live two to six years (Hedges 1997). Red imported fire ant colonies typically propagate 
through nuptial flights, and secondarily, budding (Vinson and Sorenson 1986). Colonies contain 
cream-colored to white brood comprised of eggs, larvae, and pupae (Vogt et al. 2003) (Fig. 1.4). 
These brood are immobile and contain the only members of the colony that are able to digest solid 
food. Workers bring solid food particles to the late instar larvae, and the resulting digested liquid 
is distributed to all members of the colony (Vogt et al. 2003).  
 
Figure 1.4. S. invicta eggs, larvae, and pupae from a colony excavated in Tyler, TX, 
2015. 
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S. invicta as an invasive ant species 
 While ants typically have positive effects on ecosystems by serving as soil aerators and by 
playing an important role in the food web, they can be considered ecological pests when they 
disrupt habitats and nuisances when they interfere with human activities (McDonald 2012).  Of 
the approximately 12,500 described ant species, over 200 have become invasive by establishing 
populations outside of their native ranges. Of these 200, many have become highly destructive, 
and five (the Argentine ant, Linepithema humile; the big-headed ant, Pheidole megacephala; the 
yellow crazy ant, Anoplepsis gracilipes; the little fire ant, Wasmannia auropunctata; and the red 
imported fire ant, Solenopsis invicta) are listed among the world’s 100 worst invasive species 
(Suarez et al. 2010). Invasive ant species are not only agriculturally and economically costly, but 
they also substantially modify ecosystems by reducing native ant diversity, displacing other 
arthropods, negatively affecting vertebrate populations, and disrupting ant-plant mutualisms 
(Suarez et al. 2010).  
Natural enemies: Nylanderia fulva 
 Solenopsis invicta has few natural enemies, but Nylaneria fulva (Tawny crazy ants) are 
beginning to rapidly displace and outcompete S. invicta in Texas (Chen et al. 2013).  Like S. 
invicta, N. fulva is a highly invasive pest that has become problematic in the southeastern  United 
States (Kronauer 2014). Large population sizes, superior competition abilities, and difficulty to 
control populations have caused reasonable concern about potential economic and ecological 
impact. Crazy ants were named after their erratic foraging behaviors, and Tawny (Rasberry) crazy 
ants were specifically named after their discoverer in Texas, Mr. Tom Rasberry (Chen et al. 2013) 
when they were discovered in 2002 in Pasadena, Texas (Meyers 2008).  
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 Nylanderia fulva nests, containing numerous queens, males, workers, and brood (eggs, 
larvae, and pupae), are located in soil cavities or in objects on ground surface (LeBrun et al. 2013). 
Workers are monomorphic in size, tawny in color, and have long legs and antennae, and have 
noticeable hairs that cover their bodies. Males and workers (Fig. 1.5) are approximately the same 
size and color, but queens are substantially larger and darker brown (McDonald 2012). Like most 
other ant species, Tawny crazy ants are omnivorous, consuming insects and sugary exudates of 
plants and hemipteran insects (LeBrun et al. 2013).  
 
Figure 1.5. Profile view of N. fulva worker from Texas (Courtesy of J.A. MacGown, Mississippi 
State University) 
 In Colombia, N. fulva is considered a pest, and it has displaced native fauna and has 
initiated grassland to dry (MacGown and Layton 2010). Not only that, but N. fulva has caused 
electrical short circuits and several other electrical problems in Texas due to large accumulations 
in electrical equipment such as phone lines, air conditioning units, chemical-pipe valve computers, 
and sewage lift pump stations (Sharma et al. 2013, Meyers 2008). Nylanderia fulva’s rapid 
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movement and aggressive nature has caused them to spread rapidly; to date they have been found 
in Texas, Mississippi, Florida, and Louisiana (Gotzek et al. 2012). Additionally, beekeepers in 
Texas have reported that these pests have been known to destroy and occupy honeybee hives 
(Harmon 2009). 
 Nylanderia fulva has begun to outcompete and displace S. invicta, which is arguably one 
of the most costly and invasive arthropod species in the world (Gotzek et al. 2012). While these 
ants do not sting, they have an acidipore that is used to project defensive formic acid, and have 
been known to bite (McDonald 2012). Nylanderia fulva workers use formic acid, undecane, and 
2-tridecanone to knock down S. invicta and neutralize their venom, avoiding the effects of their 
alkaloid venom (Chen et al. 2013). With their aggressive nature and rapid movement, a new 
management technique needs to be identified to control this invasive pest as well.   
Short Neuropeptide F Receptor 
 The insect central nervous system is extremely simple and well-studied (Fig. 1.6). Like 
other arthropods, insects have a nervous system with a dorsal brain that is linked to a ventral nerve 
cord, which contains paired segmental ganglia running along the ventral midline of the thorax and 
abdomen. Ganglia in each segment are joined by a short medial nerve and by intersegmental 
connectives to ganglia in neighboring body segments (Meyer 2006). The insect brain is a 
composite of six fused ganglia that are located dorsally within the head capsule, and each section 
of the brain innervates a limited array of central activities in the insect’s body. Located ventrally 
in the head capsule is another complex of fused ganglia, the subesophageal ganglia (Meyer 2006). 
This complex innervates mandibles, maxillae, labium, hypopharynx, salivary glands, and neck 
muscles. A pair of circumesophageal connectives loop around the digestive system to join the brain 
and subesophageal complex together (Meyer 2006). In the thorax, three pairs of thoracic ganglia 
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occur, which regulate locomotion by innervating the legs and wings. Abdominal ganglia similarly 
control movements of abdominal muscles (Meyer 2006). 
 
 
Figure 1.6. Diagram of an insect’s central nervous system (Brittanica.com). The insect central 
nervous system consists of a dorsal brain linked to a ventral nerve cord, which contains a series 
of paired segmental ganglia that run along the ventral midline of the thorax and abdomen. 
Located within the head capsule is the subesophageal ganglion, which innervates mandibles, 
maxillae, labium, hypopharynx, salivary glands, and neck muscles (Meyer 2006). 
Informational processing in the central nervous system (CNS) occurs through the release 
of neurotransmitters and neuromodulators from presynaptic neurons, and those signals are 
received by analogous receptors in the postsynaptic neurons. One complex group of signaling 
molecules are neuropeptides, which act as neuromodulators or neuropeptides in the CNS, and as 
circulating neurohormones in the hemolymph. Neuropeptides influence and control a variety of 
physiological functions in invertebrates (Lu and Pietrantonio 2011). Neuropeptides act by the 
coordination of numerous neuronal circuits that may involve the participation of sensory neurons, 
interneurons, and motor neurons. One such neuropeptide that has been identified in several species 
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of arthropods is short neuropeptide F (sNPF), which is the orthologue to the mammalian 
neuropeptide Y (NPY) (Castillo and Pietrantonio 2013). 
 The mammalian NPY plays a large role in the regulation of food intake, enzyme secretion, 
motility, circadian rhythms, and other physiological processes (Mertens et al. 2002). Neuropeptide 
Y-expressing neurons are highly concentrated in the mediobasal hypothalamus and have large 
effects on feeding and energy homeostasis. These neurons are also recognized to have a role in the 
regulation of hepatic lipid and glucose metabolism (Rojas et al. 2015).  Short Neuropeptide F has 
been studied extensively in Drosophila melanogaster, but has also been identified in Bombyx mori, 
Aedes aegypti, Culex quinquefasciatus, Tribolium castaneum, and Nasonia vitripennis (NCBI 
Genbank). In most arthropods that have been studied, sNPFs are six-eleven acid residues in length 
and are vital in the regulation of critical functions such as: feeding and growth, stress responses, 
locomotion, olfaction, hormone release, and learning and memory (Castillo and Pietrantonio 
2013).  
Short neuropeptide F activates by the binding to the sNPF receptor (sNPFR), which is a G 
protein-coupled receptor (GPCR) similar to the mammalian NPY receptor (Y2) (Castillo and 
Pietrantonio 2013). The mammalian NPY receptor plays a large role in the regulation of food 
intake, enzyme secretion, motility, circadian rhythms, and other physiological processes (Mertens 
et al. 2002). The gene coding for sNPFR has been identified in S. invicta, which is theorized to be 
involved in nutritional status and the differentiation into subcastes in the red imported fire ant. It 
is found in high concentrations in queens in every life stage (Castillo and Pietrantonio 2013). If 
this gene could be silenced, S. invicta workers may experience increased mortality and would be 
unable to forage, preventing brood development.  
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RNA interference 
One method that is commonly used to silence genes is RNA interference (RNAi). RNA 
interference is a post-transcriptional gene silencing technique that is facilitated by dsRNA (Lehner 
et al. 2004). This technique was initially discovered in Caenorhabditis elegans and plants, but can 
be used to induce gene silencing in a wide array of organisms, including fungi, protozoans, and 
metazoan animals. The molecular mechanism of RNAi is as follows: dsRNA that is introduced 
into a cell is first cleaved by Dicer, a ribonuclease, into ~21 nucleotide fragments. The resulting 
small interfering RNAs (siRNAs) are then incorporated into a protein complex, the RNA-induced 
silencing complex (RISC), in which they guide the cleavage of homologous mRNAs to prevent 
their expression (Lehner et al. 2004) (Fig. 1.7).  
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Figure 1.7. Dicer and RNA-induced silencing complex (RISC). (A). Dicer initiates RNAi, which 
processes dsRNA into ~22-nucleotide small interfering RNAs (siRNAs). The siRNAs are 
incorporated into RISC, which guides the cleavage of designated mRNAs, preventing their 
expression. (B) Schematic representation of Dicer binding and cleaving dsRNA. (Hannon 2002). 
 
 
In nature, dsRNA can be produced by RNA-templated RNA polymerization (from viruses, 
for example) or by hybridization of overlapping transcripts. These dsRNAs yield siRNAs or 
repeat-associated short interfering RNAs (rasiRNAs), which then guide mRNA degredation and/or 
chromatin modification (Meister and Tuschl 2004). RNA interference technology, however, 
involves the production of double stranded RNA (dsRNA) and the administration of this dsRNA 
to the research organism in order to stop translation of a targeted protein. Double stranded RNA is 
typically delivered by injection or by feeding insects (Wang et al. 2011). The process of RNAi has 
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been used to successfully downregulate pheromone biosynthesis activating neuropeptide (PBAN) 
gene expression and increase mortality in S. invicta larvae and is beginning to be a popular pest 
management method (Choi et al. 2012). RNA interference has also been used to downregulate the 
cinnabar gene in Leptopilina boulardi, an endoparasitioid wasp (Colinet et al. 2014). This 
technique has also been proposed to act as a cellular anti-viral defense because many viruses 
produce dsRNA. In addition to silencing exogenous genes, developmental phenotypes of RNAi 
pathway mutations suggest that the RNAi pathway may also be used to regulate endogenous 
protein-coding gene expression (Lehner et al. 2004). The potential transition from the use of 
traditional insecticides to RNAi technology would drastically decrease ecotoxicological impacts 
of traditional insecticides and could be a viable management tool for S. invicta (Fig. 1.8).  
 
Figure 1.8. The potential transformation of S. invicta management from the more toxic 
traditional insecticides (amidinohydrazones, pyrethroids, organophosphates), to the less toxic 
anthranilic diamides, to the non-toxic method of RNAi technology. 
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CONCLUSIONS 
 Due to their large numbers and interspecific competition, ants are among the most 
devastating invasive species across the globe. Specifically, S. invicta is a highly invasive ant 
species that has already caused severe damage, and will continue to do so until it is properly 
controlled. While several biological and chemical control methods have been implemented, they 
have proved to be un-sustainable for long-term use. Diamides could be a highly successful group 
of insecticides that are relatively safe for non-target organisms and have rapid results. Although 
certain insecticides are currently used to attenuate S. invicta populations, RNA interference 
technology could be a plausible method of control for this rapidly moving ant species as well. 
RNA interference involves the entrance of dsRNA into the organism, ultimately resulting in the 
cessation of translation of a particular protein of interest, in this case, short Neuropeptide F 
Receptor. This technology, along with new chemical insecticides, could play a key role in 
managing this invasive pest species.  
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Chapter Two 
Management of S. invicta using cyclaniliprole  
1. Introduction 
 As an invasive pest, the Red Imported Fire Ant (Solenopsis invicta Buren), has had one of 
the most detrimental impacts on natural ecosystems, agriculture, and residential areas across the 
globe. (Kronauer 2014).  This invasive ant species is from South America and first arrived in the 
United States sometime in the 1930’s or 1940’s in Mobile, Alabama as stowaways in cargo 
(Tschinkel 2006). As of 2001, S. invecta had spread to approximately 128 million hectares across 
the United States, with costs of mitigation, medical needs, and damage exceeding six billion dollars 
(U.S.) annually (Williams et al. 2001, Pereira 2003).  Solenopsis invicta are native to South 
America, where their population density is limited by the presence of interspecific competition 
and an abundance of natural predators and competitors (Allen et al. 2004). Their success in the 
United States is due, in part, to their lack of natural enemies, aggressive foraging behavior, high 
fecundity, and polygynous colonies (Allen et al. 2004). This ant species spread rapidly throughout 
the southeastern United States, and have more recently been introduced to California and other 
regions of the world, including the Caribbean, Australia, New Zealand, Taiwan, Hong Kong, 
Macao, and China (Ascunce et al. 2011). Fire ants are highly aggressive, particularly when their 
nests are disturbed, and cause painful stings to humans, pets, domestic animals, and wildlife. More 
than 50% of the people in infested areas are stung annually, with anaphylaxis occurring in 0.6% 
to 16% of those people (Williams and deShazo 2004) (Fig. 2.1).  
 This ant species is highly aggressive and has few natural enemies, contributing to the rapid 
expansion of this invasive pest. In native Brazil there are approximately 30 different species of 
Solenopsis that exist and compete with S. invicta populations; while in the United States, the only 
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known natural enemies include the Tawny Crazy ant (Nylanderia fulva) (Chen et al. 2013), a 
microsporidian obligate parasite (Pereira et al. 2002), a neogregarine parasite (Pereira et al. 2002), 
a strepsipteran parasite (Kathirthamby and Johnston 2001), two species of endoparasitic fungi 
(Jouvenaz and Kimbrough 1991, Pereira 2004), phorid flies (Pseudacteon) (Porter 1998), and three 
RNA viruses (Valles and Hashimoto 2009).  
 
Figure 2.1. Profile view of a S. invicta worker standing in defense, with a drop of venom 
protruding from her extruded stinger (Courtesy of Alex Wild, Austin, TX) 
 Insecticidal baits have been the primary control agent of S. invicta due to their lack of 
natural enemies, and they have provided effective control, but pose disadvantages to longterm use. 
The active ingredients in some fire ant baits include bifenthrin, a GABA disruptor, and 
hydramethylnon, a metabolic inhibitor (El Hassani et al. 2005). These compounds have been 
shown to be toxic to non-target insects, and degrade quickly in wet conditions, exhibiting the need 
for a more effective and targeted management tool (Lucas and Invest 1993).  
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 One relatively new pesticide chemistry with management potential for S. invicta is 
cyclaniliprole. Cyclaniliprole is a diamide, which utilizes a target site of the ryanodine receptor 
(Teixeira and Andalora 2013) (Fig 2.2). Specifically, cyclaniliprole is an anthranilic diamide, 
which binds to a unique site on the ryanodine receptor, distinct from that of ryanodine (Cordova 
et al. 2006). These ryanodine receptors are named after ryanodine, which is a secondary compound 
obtained from the Neotropical plant Ryania speciosa (Teixeira and Andalora 2013). The ryanodine 
receptor is a calcium release channel that is located on the endoplasmic reticulum, and when 
ryanodine binds to the ryanodine receptor, the channel is locked in a partially-open state, causing 
calcium to escape and may ultimately result in mortality (Teixeira and Andalora 2013) (Fig. 2.3). 
The selectivity of diamide insecticides toward insect ryanodine receptors is primarily based on 
differences in ryanodine receptor types between insects and mammals (Teixeira and Andalora 
2013). Diamides have a promising ecotoxicological profile and appear to be relatively safe to 
beneficial insects (Teixeira and Andalora 2013). This group of insecticides has a wide range of 
applications, with flubendiamide targeting primarily Lepidoptera, while chlorantraniliprole 
controls whitefly, leafminer, beetle, termite, and lepidopteran species, but there is little literature 
available on its effect on hymenopterans (Teixeira and Andalora 2013). In this study, cyclaniliprole 
was administered to S. invicta workers to determine its lethal dose and most effective dose rates 
as a potential new management tool.  
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Figure 2.2 2D Structure of cyclaniliprole, which is classified as a diamide (PubChem) 
 
Figure 2.3. Schematic of the ryanodine receptor. This receptor is a tetramer of identical 
subunits, but only two subunits are shown. Each subunit contains four transmembrane 
regions in the endoplasmic reticulum. Some of the important associated proteins are shown, 
including calmodulin (CAM), FK506-binding protein (FKBP), calsequestrin (CSQ), and 
calcium ions (Ca2+) (Sattelle et al. 2008). 
 
 
 
 
 
 
23 
 
2. Materials and Methods 
2.1. Fire ant collection and rearing  
 Solenopsis. invicta colonies containing worker ants, brood, alates, and dealates were 
collected in March, 2015 from Smith County, Texas. Individuals were excavated from seven 
colonies and placed in five gallon containers. The inner walls of the bucket were coated with 
INSECT-a-SLIP™ (BioQuip Products, Rancho Dominguez, CA) to prevent fire ant escape. The 
adults and brood were separated from the soil by slowly dripping water (10 ml/min) into the 
containers until the soil was completely saturated. This resulting mass of ants was transferred to 
29- by 15- by 11-cm clear plastic shoe boxes, which were coated with 2-3 inches of INSECT-a-
SLIP. Smaller clear boxes (11- by 11- by 4-cm) coated with approximately 3 mm Faststone™ 
(Atlantic Dental Supply, Durham, NC) dental plaster on the bottom, were placed in the larger shoe 
boxes to serve as brood chambers. The dental plaster was saturated with autoclaved tap water prior 
to introduction of ants in order to maintain humidity within the brood chambers. Colonies were 
maintained in the lab (22.5°C, 12 h L:D), and received a diet that was described by Dussutour and 
Simpson (2008) ad libitum with unlimited water.  
2.1. Preliminary rate-determining bioassay 
 To determine the most effective rates of administration of cyclaniliprole to S. invicta, a 
preliminary bioassay was conducted in which a 1000 ppm stock solution of cyclaniliprole was 
serially diluted in 15 sequential 1/100 µL dilutions in autoclaved 10% sucrose water, and these 
resulting concentrations were administered to S. invicta workers. The treatment groups were as 
follows: (1) ants that received 10% sucrose water, (2) ants that received autoclaved tap water, (3) 
15 serially-diluted concentrations of 1 mg/mL cyclaniliprole (Table 2.1). There were two 
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replications for each treatment group, with ten S. invicta workers in each dish (Fig 2.4). For each 
treatment group, 150 µL was pipetted onto a 6±0.5 mm filter paper that was placed in each dish. 
Insect mortality was recorded every 12 hours for 7 days. Significance was assessed using repeated 
measures ANOVA and a Bonferroni post-hoc test.  
Table 2.1. Treatments and concentrations of cyclaniliprole applied to S. invicta workers 
during the preliminary rate-determining bioassay 
Name Concentration (ppm) 
A H2O 
B 10% sucrose H2O 
C 1.0X10^-12 
D 1.0X10^-11 
E 1.0X10^-10 
F 1.0X10^-9 
G 1.0X10^-8 
H 1.0X10^-7 
I 1.0X10^-6 
J 1.0X10^-5 
K 1.0X10^-4 
L 0.001 
M 0.01 
N 0.1 
O 1 
P 10 
Q 100 
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Figure 2.4. Experimental setup of the preliminary rate-determining bioassay. A, B, and C are 
the denoted control groups, and cyclaniliprole concentrations increase from D to Q. 
 
2.2. Lethal Concentration, 50% (LC50) bioassay 
 To further determine the most effective rate of administration of cyclaniliprole to S. invicta, 
varying concentrations of this diamide were orally administered to S. invicta workers. The 
treatment groups were as follows (1) ants that received no treatment (NAC), (2) autoclaved tap 
water, (3) 10% sucrose water, (4) 10 ppm cyclaniliprole, (5) 25 ppm cyclaniliprole, (6) 50 ppm 
cyclaniliprole, (7) 75 ppm cyclaniliprole, (8) 100 ppm cyclaniliprole, (9) 125 ppm cyclaniliprole, 
(10) 150 ppm cyclaniliprole, (11) 175 ppm cyclaniliprole, (12) 200 ppm cyclaniliprole. In five 
replicates for each treatment group, 10 S. invicta workers were exposed to 150 µL of the treatment 
solution that was pipetted onto 6±0.5 mm filter paper in each dish. Insect mortality was recorded 
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every 12 hours for seven days. Repeated measures ANOVA was used to assess significance. Dose-
response curves were produced for S. invicta worker mortality after 24 hours, 48 hours, and 72 
hours. The LC50 was calculated after 72 hours of exposure by performing a probit analysis on the 
dose-response data using SPSS.  
3. Results 
3.1. Preliminary rate-determining bioassay 
 Solenopsis invicta workers that received 100 ppm cyclaniliprole exhibited significant 
mortality over a period of 168 hours (seven days) (Fig. 2.5). Workers began to exhibit a significant 
difference in mortality compared to the other treatment groups after 48 hours (p<0.05), with the 
rate of mortality increasing after 60 hours (p<0.001). None of the other treatment groups exhibited 
significant mortality throughout the course of the treatment. Solenopsis invicta workers were 
captured on video, and extreme lethargy and distress were evident in ants that received 100 ppm 
cyclaniliprole after only 12 hours. This behavior continued through the course of the treatment. 
Ants that received 10 ppm cyclaniliprole also experienced apparent lethargy after 12 hours, but 
this behavior ceased after 24 hours. 
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Figure 2.5. Red imported fire ant percent mortality observed over a period of 7 days, every 12 
hours, after receiving: (A) autoclaved tap water; (B) 10% sucrose water; (C) 1.0X10-12 ppm 
cyclaniliprole; (D) 1.0X10-11 ppm cyclaniliprole; (E) 1.0X10-10 ppm cyclaniliprole; (F) 1.0X10-9 
ppm cyclaniliprole; (G) 1.0X10-8 ppm cyclaniliprole; (H) 1.0X10-7 ppm cyclaniliprole; (I) 
1.0X10-6 ppm cyclaniliprole; (J) 1.0X10-5 ppm cyclaniliprole; (K) 1.0X10-4 ppm cyclaniliprole; 
(L) .001 ppm cyclaniliprole; (M) .01 ppm cyclaniliprole; (N) .1 ppm cyclaniliprole; (O) .1 ppm 
cyclaniliprole; (P) 10 ppm cyclaniliprole; (Q) 100 ppm cyclaniliprole (*, p<0.05, *** p<0.001). 
Significance was determined using repeated measures ANOVA and a Bonferroni post-hoc test 
was performed. 
3.2. Bioassay to determine Lethal Concentration, 50% (LC50) 
 Solenopsis invicta workers that received cyclaniliprole exhibited significantly higher 
mortality than ants that received water controls (p<0.005) (Fig. 2.6). Workers that received 200 
ppm cyclaniliprole, cumulatively, had the highest mortality rate. After 12 hours, ants that received 
200 ppm cyclaniliprole had significantly higher mortality than any of the treatment groups 
(p<0.005), but after 36 hours, there was no significant difference in mortality between ants that 
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received 200 ppm, 175 ppm, and 150 ppm cyclaniliprole. Ants that received 10 ppm continually 
had the lowest mortality, but still had significantly higher mortality than ants that received 10% 
sucrose water or autoclaved tap water (p<0.005).  Ants were captured on video, and lethargy and 
distress was evident in ants that received 50 ppm-200 ppm cyclaniliprole after a period of 12 hours. 
This behavior continued throughout the course of treatment. This mortality data was used to 
produce dose-response curves after 24, 48, and 72 hours (Fig. 2.7). The mortality data was input 
into SPSS and a probit analysis was performed (Fig. 2.8). When the probit analysis was performed, 
the LC50 value was calculated and was determined to be .5300 ppm after 72 hours of exposure.  
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Figure 2.6. Solenopsis invicta percent mortality observed over a period of 7 days, every 12 
hours after receiving: (A) no application (NAC), (B) autoclaved tap water, (C) 10% sugar 
water, (D) 10 ppm cyclaniliprole, (E) 25 ppm cyclaniliprole, (F) 50 ppm cyclaniliprole, (G) 
75 ppm cyclaniliprole, (H) 100 ppm cyclaniliprole, (I) 125 ppm cyclaniliprole, (J) 150 ppm 
cyclaniliprole, (K) 175 ppm cyclaniliprole, (L) 200 ppm cyclaniliprole. Significance was 
determined using two-way ANOVA and a Bonferroni post-hoc test and standard error is 
denoted for each time point. 
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Figure 2.7. Dose response curves produced using mortality data from the bioassay to 
determine the LC50 at (A) 24 hours, (B) 48 hours, and (C) 72 hours. Cyclaniliprole 
concentration (ppm) is represented on the x-axis and S. invicta percent mortality is denoted 
on the y-axis. Standard deviation error bars are provided for each time point. 
 
Figure 2.8. Probit transformation modeled using SPSS and S. invicta mortality data after 72 
hours of exposure to .1, 1, 10, 25, 50, 75, 100, 125, 150, or 200 ppm cyclaniliprole. 
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Table 2.2. Probit transformation data, where VAR00003 values are the log(cyclaniliprole 
concentration), number of subjects corresponds to the total number of ants for each 
concentration, and the observed responses corresponds to the total number of deaths for each 
concentration. The LC50 was calculated by taking the natural log of the corresponding 
concentration to Probit 5 (1.699). 
 
4. Discussion 
4.1.Preliminary rate-determining bioassay 
 Solenopsis invicta workers that received 100 ppm exhibited extremely significant 
mortality. As previously stated, diamide insecticides work on the ryanodine receptor, causing 
efflux of Ca2+ ions, resulting in insect death (Teixeira and Andalora 2013). The high mortality of 
ants that received this treatment is likely directly related exposure to the diamide insecticide. 
Calcium plays a key role in muscle contraction, as well as a cellular second messenger, so the high 
mortality in ants that received the highest concentration was no surprise, though there was little 
available literature on the effects of diamides on hymenopterans. The recovery in the behavior of 
the ants that received 10 ppm cyclaniliprole may have occurred because of a restoration of 
intracellular Ca2+ stores with the low concentration of the insecticide. Future studies should be 
 
 
32 
 
performed in which more replicates are used to prevent outliers and to provide a better 
representation of data.  
4.2. Bioassay to determine Lethal Concentration, 50% (LC50) 
 When exposed to cyclaniliprole, S. invicta had significantly higher mortality than workers 
that were not exposed to the insecticide. After performing the initial rate-determining bioassay, 
this was expected. Ants that received the highest concentration of cyclaniliprole reached 100% 
mortality the quickest and consistently displayed the highest rate of mortality. This is likely due to 
the higher concentration of the insecticide acting on the ryanodine receptors, saturating the 
available receptors and causing increased Ca2+ release, ultimately resulting in insect death. Some 
of the exposed S. invicta workers were discovered drowned in the water provided on their filter 
paper as a result of lethargy from cyclaniliprole exposure. This is still likely a direct effect exposure 
to the insecticide, but to prevent drownings as a possible cause of death, the experiment could be 
repeated using sponges that have absorbed various cyclaniliprole dilutions. More experiment 
replication and smaller concentration intervals would provide a better graphical representation on 
the effects of cyclaniliprole on S. invicta. Regardless, cyclaniliprole seems to be a highly effective 
chemical insecticide, and with further research, could be a feasible option as a S. invicta 
management technique. Neural functioning after cyclaniliprole exposure could be accomplished 
by performing an electrophysiology study to identify results of diamide exposure on 
neurotransmitter release at the synapse. To better understand the effects of cyclaniliprole on an 
entire colony, the entire colony could be exposed to cyclaniliprole to identify whether or not this 
is a feasible management tool for large numbers of S. invicta individuals. Not only that, but a 
higher resolution range of insecticides would provide a better and more accurate determination of 
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the LC50 and would help determine the most effective rate of administration of cyclaniliprole to S. 
invicta.  
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Chapter Three 
The downregulation of short Neuropeptide F Receptors (sNPFRs) in Solenopsis invicta 
using RNA interference 
1. Introduction 
Due to their large numbers and interspecific competition, ants are among the most 
devastating invasive pests across the globe (Kronauer 2014). The red imported fire ant (Solenopsis 
invicta Buren), specifically, was introduced into Mobile, Alabama in the 1930s as cargo 
stowaways and now infest more than 129 million hectares worldwide (Ascunce et al. 2011, 
Greenberg et al. 1985, Valles et al. 2004).  This invasive ant species has had one of the most 
detrimental impacts of all invasive ant species, and is native to South America, where interspecific 
competition and natural predators restrict their abundance (Allen et al. 2004). When established 
outside of their native range, they often become the dominant ant species due to their aggressive 
foraging behavior, high fecundity, and lack of natural enemies (Allen et al. 2004). This ant species 
quickly spread throughout the southern United States, and have more recently been introduced to 
California and other regions of the world, including the Caribbean, Australia, New Zealand, 
Taiwan, Hong Kong, Macao, and China (Ascunce et al. 2011). Current estimated costs of 
management, medical treatment, and damage to property in the United States is greater than $6 
billion annually. This includes costs of effects on urban areas, pesticide costs, crop and livestock 
losses, and damage to farm implements (Ascunce et al. 2010, Willliams and deShazo 2004). Fire 
ants are extremely aggressive, and cause painful stings, especially when disturbed. More than 50% 
of the people in infested areas are stung annually, with anaphylaxis occurring in 0.6% to 16% of 
those people (Williams and deShazo 2004).  
Solenopsis invicta is highly aggressive and has few natural enemies in their invasive range, 
contributing to the rapid expansion of this invasive pest. A limited number of pathogens and 
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parasites of S. invicta have been identified or released in the United States (Valles 2012). Currently, 
two species of endoparasitic fungi, a microsporidian obligate parasite, a neogregarine parasite, a 
strepsipteran parasite, phorid flies (Pseudacteon), S. invicta virus (SINV), and Tawny Crazy ants 
(Nylanderia fulva) comprise the only known pathogens and natural enemies of S. invicta in the 
United States (Valles 2012, Chen et al. 2013) (Fig. 3.1).  
 
Figure 3.1. Profile view of a S. invicta minor worker (Courtesy of Mississippi Entomological 
Museum) 
 
Insecticidal baits have been the primary control agent of this invasive pest, and though they 
have been effective, chemical control methods pose several disadvantages to longterm use. The 
active ingredients in some fire ant baits include bifenthrin, a GABA disruptor, and 
hydramethylnon, a metabolic inhibitor (El Hassani et al. 2005). These compounds have been 
shown to exhibit toxicity to non-target insects, and degrade quickly in wet conditions, exhibiting 
the need for a more effective and efficient control measure (Lucas and Invest 1993). For this 
reason, a biological control agent for S. invicta could be a more effective alternative in the long 
term to chemical insecticides, allowing for management of this invasive pest at a larger scale.  
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The release of neurotransmitters and neuromodulators from presynaptic neurons plays a 
key role in informational processing in the central nervous system (CNS) (Lu and Pietrantonio 
2011). One complex group of signaling molecules are neuropeptides, which act as 
neuromodulators or neurotransmitters in the CNS, and as circulating neurohormones in the 
hemolymph (Lu and Pietrantonio 2011). For this reason, neuropeptides influence and control a 
variety of physiological functions in invertebrates (Lu and Pietrantonio 2011). Neuropeptides act 
by coordinating numerous neuronal circuits that may involve the participation of sensory neurons, 
interneurons, and motor neurons (Castillo and Pietrantonio 2013).  One such neuropeptide that has 
been identified in several species of arthropods is short neuropeptide F (sNPF), which is the 
orthologue to the mammalian neuropeptide Y (NPY) (Castillo and Pietrantonio 2013). 
 The mammalian NPY plays a large role in the regulation of food intake, enzyme secretion, 
motility, circadian rhythms, and other physiological processes (Mertens et al. 2002). Neuropeptide 
Y-expressing neurons are highly concentrated in the mediobasal hypothalamus and have large 
effects on feeding and energy homeostasis. Neuropeptide Y neurons are also recognized to have a 
role in the regulation of hepatic lipid and glucose metabolism (Rojas et al. 2015).  Short 
Neuropeptide F has been studied extensively in Drosophila melanogaster, but has also been found 
in Bombyx mori, Aedes aegypti, Culex quinquefasciatus, Tribolium castaneum, and Nasonia 
vitripennis (NCBI). In most arthropods that have been studied, sNPFs are six to 11 amino acid 
residues in length and are vital in the regulation of critical functions such as: feeding and growth, 
stress responses, locomotion, olfaction, hormone release, and learning and memory (Castillo and 
Pietrantonio 2013).  
Short neuropeptide F is activated by binding to the sNPF receptor (sNPFR), which is a G 
protein-coupled receptor (GPCR) that is similar to the mammalian NPY receptor (Y2) (Castillo 
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and Pietrantonio 2013). The gene coding for this receptor has been identified in S. invicta, which 
is theorized to be involved in nutritional status and differentiation into subcastes in the red 
imported fire ant (Castillo and Pietrantonio 2013). If this gene could be silenced, an increased 
proportion of ant deaths and other detrimental phenotypes could potentially provide a possible 
method of control. 
RNA interference is a post-transcriptional gene silencing technique that is instigated by 
dsRNA (Lehner et al. 2004). This technique was initially discovered in Caenorhabditis elegans 
and plants, but can be used to induce gene silencing in a wide array of organisms, including 
fungi, protozoans, and metazoan animals. The molecular mechanism of RNAi is as follows: 
Dicer, a ribonuclease, cleaves introduced dsRNA into ~21 bp small nucleotide fragments. These 
small interfering RNAs (siRNAs) are then incorporated into a protein complex, the RNA-
induced silencing complex (RISC), in which they guide the cleavage of homologous mRNAs to 
prevent their expression (Lehner et al. 2004). RNA interference technology involves the 
production of double stranded RNA (dsRNA) and the administration of this dsRNA to the 
research organism in order to stop translation of mRNA into a targeted protein. This process has 
been used to successfully downregulate pheromone biosynthesis activating neuropeptide 
(PBAN) gene expression and increase mortality in S. invicta larvae (Choi et al. 2012).  In this 
study, RNAi was used to preferentially induce gene silencing of sNPFR in S. invicta brood and 
adult workers.  
2. Materials and Methods 
2.1. Fire ant collection and rearing  
 Solenopsis invicta colonies containing worker ants, brood, alates, and mated queens were 
collected in March, 2015 from Smith County, Texas. Individuals were excavated from 11 colonies 
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and placed in five gallon containers. The inner walls of the bucket were coated with INSECT-a-
SLIP™ (BioQuip Products, Rancho Dominguez, CA) to prevent fire ant escape. The ants were 
separated from the soil by slowly dripping water (10 ml/min) from laboratory sinks into the 
containers until the soil was inundated. This resulting mass of ants was transferred to 29- by 15- 
by 11-cm clear plastic shoe boxes, which were coated with 2-3 inches of INSECT-a-SLIP. Smaller 
clear boxes (11- by 11- by 4-cm) coated with approximately 3 mm Faststone™ (Atlantic Dental 
Supply, Durham, NC) dental plaster on the bottom, were placed in the larger shoe boxes to serve 
as brood chambers. The dental plaster was saturated with autoclaved tap water prior to ant 
introduction in order to maintain humidity within the brood chambers. Colonies were maintained 
in the lab (22.5°C, 12 h L:D), and received a diet that was described by Dussutour and Simpson 
(2008) ad libitum. Test tubes were filled approximately two-thirds full with water, and a cotton 
ball was placed inside, and this test tube was placed inside each of the brood chambers for each of 
the colonies.  
2.2. Isolation of the sNPFR gene  
 Solenopsis invicta primers were designed for the sNPFR gene using NCBI (National Center 
for Biotechnology Information) database primer design. The primer set: sense primer (5-
TAGGCGGTTGGGTTTTTGGT-3’) and anti-sense primer (5’-TTTTCTCTCGCGCTCCTCT-
3’), was designed from the preceding mRNA sequence deposited on NCBI (Accession number: 
DQ026281). CTAB DNA extractions (Crosslin et al. 2011) were performed on S. invicta and the 
extracted DNA was stored in a -20°C freezer. PCR was run on the S. invicta DNA using the 
Amplitaq Gold 360 master mix kit (Life Technologies, Austin, TX), using 12.5 µL of Amplitaq 
Gold 360 Mastermix, 1 µL GC enhancer, 4.5 µL nanopure water 1 µL DNA, and 1 µg of forward 
and reverse primer for a total reaction volume of 25 µL, with the following temperature program: 
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one cycle at 95°C for 10 minutes; 45 cycles at 95°C for 30 minutes, 50°C for 35 minutes, and 72°C 
for 90 minutes; one cycle at 72°C for 7 minutes; and a 4°C hold. The PCR product was gel purified 
using QIAquick Gel Extraction Kit with the protocol outlined in the QIAquick Spin Handbook 
(QIAGEN, Valenica, CA), and sanger sequencing was performed at the DNA Analysis Facility on 
Science Hill at Yale University, New Haven, CT.  
2.3. Differential gene expression of sNPFR gene 
 To assess differential gene expression of the sNPFR gene, the Trizol Reagent RNA 
extraction was performed on each subcaste of S. invicta: 1st instar larvae, 2nd instar larvae, 3rd instar 
larvae, pupae, minor workers, major workers, female alates, and mated queens. Reverse 
transcription was performed on the total RNA using the M-MuLV Reverse Transcriptase kit (New 
England BioLabs) as per manufacturer protocol. Quantitative PCR was performed on the resulting 
cDNA using specifically-designed qPCR primers: positive-sense primer (5’-
AATCTCGCGCTCAGTGACAT) and anti-sense primer (5’-TACCAAAAACCCAACCGCCT) 
to amplify an 88-bp product using the Platinum SYBR Green qPCR Supermix-UDG kit 
(Invitrogen, Carlsbad, CA) as per manufacturer protocol. Cycle threshold (Ct) values were 
compared to identify the difference in gene expression among different caste members, and 
repeated measures ANOVA was performed to test for significance. 
2.4. dsRNA production 
 After the purification of S. invicta amplicon obtained from PCR with the sNPFR primers, 
a PCR primer set was designed, 5’-T7 affixed: 5’-
TAATACGACTCACTATAGGGTAGGCGGTTGGGTTTTTGGT, and 5-
TAATACGACTCACTATAGGGGTTTTCTCTCGCGCTCCTCT to amplify a 450-bp DNA 
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fragment. This newly-formed template served as the template for dsRNA synthesis using the 
MEGAscript RNA kit (Ambion, Austin, TX, USA) , as per the manufacturer’s protocol for 0-600 
bp amplicons  
2.5. Administration of dsRNA to S. invicta adults and larvae 
After dsRNA production, the dsRNA was administered to brood and adult S. invicta to 
experimentally quantify changes in gene expression. Adult S. invicta workers received 1 or 2 µg 
dsRNA orally, while brood received a cuticular treatment of 9.72 ng or 920 pg dsRNA, provided 
by a PB-600-1 Repeating dispenser. Fluorescent-labeled dsRNA was used to determine the 
efficacy of this dsRNA administration technique in S. invicta brood.  
2.5.1. Fluorescent-labeled dsRNA 
 In order to visualize the movement of dsRNA across the larval cuticle, fluorescently-
labeled dsRNA was designed and administered to S. invicta brood. The procedure above was used 
to construct dsRNA, but 0.25 µL 10 mM fluorescent dCTP labeled with Cy3 (GE Healthcare, 
Little Chalfont, Buckinghamshire, UK) was added as well (Wang et al. 2011). A PB-600-1 
Repeating Dispenser (Fisher Scientific) was used to administer 1 µg of fluorescently-labeled 
sNPFR dsRNA to the S. invicta larva cuticle, and the brood was observed under common IX71 
fluorescent microscopy (Olympus) every 0.5 h or 1 h for 4 h and a photograph was captured at 
each time point.   
2.5.2. Adults: mortality study 
 Fire ants were grouped into one of four treatment groups, with 10-15 ants in each dish. 
There were 10 replicates in each treatment group (Fig. 3.2). The treatment groups were as follows: 
(1) ants that received 1 µg of sNPFR dsRNA, (2) ants that received 2 ng of sNPFR dsRNA, (3) 
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ants that received the MEGAscript positive control, and (4) ants that received autoclaved tap water. 
To administer the dsRNA orally, 200 µL of each treatment group was pipetted onto 6±0.5 mm 
filter paper that was placed in each dish with the ants. Ants were checked daily throughout the 
study and were given 200 µL of autoclaved water on fresh filter paper every 2 days to prevent 
dehydration. The study was conducted over seven days, and ant mortality was recorded daily. 
Significance was assessed using repeated measures ANOVA.  
 
Figure 3.2. Experimental setup of the S. invicta adult mortality study. Each treatment 
group received 10 replicates in each plastic bin, with 10-15 ants in each dish. 
2.5.3. dsRNA administration to S. invicta larvae 
 There were five treatment groups: (a) 10 ng dsRNA, (b) 1 ng dsRNA, (c) positive control 
template (500 ng/µL), (d) nanopure water, (e) no application control (NAC). A PB-600-1 
Repeating Dispenser was used to exogenously apply 0.2 µL of treatment to each fire ant brood. 
1st- and 2nd- instar larvae were used for this experiment. Three S. invicta larvae were placed in each 
dish as replicates. The treatments were exogenously applied to half of the brood. Twelve hours 
later, the treatments were exogenously applied to the second half of the brood. Every four hours, 
fire ant brood from each treatment group were removed and homogenized in TRIzol (Life 
Technologies, Carlsbad, CA) reagent, and placed in a -80°C freezer to preserve RNA.  
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2.6. sNPFR gene expression analysis in S. invicta brood 
 To analyze sNPFR gene expression in S. invicta brood, Trizol reagent protocol was used 
to perform a total RNA extraction on all brood from the treatment groups as per manufacturer 
protocol. The total RNA was reverse transcribed to produce cDNA using M-MuLV Reverse 
Transcriptase (New England BioLabs) following manufacturer protocol. Quantitative PCR, using 
the Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, Carlsbad, CA) was performed on 
the resulting cDNA using a specifically-designed qPCR primer set: sense primer (5’-
AATCTCGCGCTCAGTGACAT) and anti-sense primer (5’-TACCAAAAACCCAACCGCCT) 
to amplify an 88-bp product. qPCR was performed on the S. invicta cDNA with the following 
thermal profile: 94°C for 30s, 54°C for 30s, 72°C for 6s, 60°C for 5 s, repeated 30 times, followed 
by a melt curve obtained by ramping from 50°C to 90°C by adding 1°C each step for 90s, with 
five seconds between each step, followed by a hold at 4°C. Cycle threshold values were compared 
for the different treatments and time points to analyze the difference in gene expression. 
Quantitative PCR normalization was performed using 18S rRNA as an endogenous control.  
3. Results 
3.1. Isolation of sNPFR in S. invicta 
 Solenopsis invicta DNA that was extracted using the CTAB protocol was run on a 1% 
agarose gel alongside a GelPilot 100 bp plus ladder (cat. no. 239045) (Fig. 3.3). Sequencing results 
of this purified DNA indicated a 100% match for S. invicta sNPFR after running a Nucleotide 
BLAST (blastn).  
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Figure 3.3. Confirmation of sNPFR sequence in S. invicta workers by 1% agarose gel, and 
GelPilot 100 bp plus ladder (cat. no. 239045). Solenopsis invicta DNA is circled in red, and the 
remaining wells contain N. fulva DNA. 
3.2. sNPFR gene expression analysis 
 Overall, no significant difference between sNPFR gene expression among S. invicta castes 
was found (Fig. 3.4) (Table 3.1). Female alates (FA) and major workers (MW) exhibited 
significantly lower gene expression (p<0.05), as indicated by their normalization index values, but 
mated queens (MQ), minor workers (MinW), pupae (P), 3rd instar larvae (3rd), 2nd instar larvae 
(2nd), and 1st instar larvae (1st) showed no significant difference in sNPFR gene expression.  
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Figure 3.4. 18S gene expression normalization indexes of sNPFR gene expression in different 
caste members of S. invicta, where FA=female alates (**, p<0.005), MQ=mated queen, 
MW=major worker (*, p<0.05), MinW=minor worker, P=pupae, 3rd=3rd instar larvae, 2nd=2nd 
instar larvae, 1st=1st instar larvae. 
Table 3.1. A list of Ct values, replicate Ct values, and calculated standard deviation obtained by 
running qPCR on S. invicta castes. 
 
Name Ct Rep. Ct St. Dev 
FA2 24.06 24.04 0.71 
FA2 23.32   
FA2 24.74   
FA18S 28.58 29.27 0.75 
FA18S 30.07   
FA18S 29.17   
MQ2 20.93 21.32 0.61 
MQ2 22.02   
MQ2 21.01   
MQ18S 18.3 18.78 0.42 
MQ18S 18.94   
MQ18S 19.09   
MW2 23.19 23.76 0.52 
MW2 24.2   
MW2 23.89   
MW18S 24.95 25 0.06 
MW18S 25.06   
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MW18S 24.98   
MinW2 22.95 22.66 0.54 
MinW2 23   
MinW2 22.03   
MinW18S 20.26 20.87 0.54 
MinW18S 21.09   
MinW18S 21.28   
P2 22.3 22.69 0.46 
P2 23.2   
P2 22.57   
P18S 20.69 20.56 0.24 
P18S 20.71   
P18S 20.28   
3rd2 20.83 21.01 0.16 
3rd2 21.08   
3rd2 21.12   
3rd18s 20.24 20.26 0.01 
3rd18s 20.26   
3rd18s 20.27   
2nd2 22.26 21.46 1.2 
2nd2 22.06   
2nd2 20.08   
2nd18s 21.03 20.82 0.19 
2nd18s 20.77   
2nd18s 20.66   
1st2 23.16 22.78 0.39 
1st2 22.38   
1st2 22.81   
1st18s 21.91 22.12 0.18 
1st18s 22.25   
1st18s 22.19   
 
3.3. dsRNA administration to S. invicta larvae and brood 
3.3.1. Use of fluorescent-labeled dsRNA 
 In order to confirm that the dsRNA can penetrate the larval body wall of S. invicta, a 
fluorescent nucleotide was added during dsRNA synthesis of the sNPFR gene.  When 1 µg 
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fluorescent labeled dsRNA was applied topically on the larva, fluorescent microscopy showed that 
penetration through the larval cuticle only took several minutes, and in 4 hours, the entire larval 
body was reached (Fig. 3.5).  
 
Figure 3.5. 0.2 µL fluorescent-labeled dsRNA was applied on the larvae of S. invicta. (A) Before 
fluorescence, dsRNA droplet was not seen; (B) The droplet was seen at the surface of the body 
wall just after dropping; (C) 10 minutes after treatment, the solution had penetrated the body 
wall; (D) 20 minutes later, the dsRNA droplet had spread further; (E)  1 hour after treatment, the 
fluorescence had spread to thoracic segments; (F) 2 hours after treatment, fluorescence had 
continued to spread; (G) 3 hours after treatment, the dsRNA had spread further; (H) 4 hours later, 
fluorescence was visible throughout the larval body. 
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3.3.2. Adults: mortality study 
 Cumulative adult worker mortality was not significantly higher in the fire ants treated with 
1 ng dsRNA and 2 ng dsRNA than in adult workers treated with positive control or water (p>0.05) 
(Fig. 3.6). Fire ants treated with 1 ng dsRNA initially had higher mortality than ants in the other 
treatment groups, but on day 3, fire ants treated with autoclaved tap water had the highest mortality. 
On day 4, fire ants treated with 1 ng dsRNA had significantly higher mortality than the other 
treatment groups (p<0.05), and on day 7, fire ant mortality increased significantly in all treatment 
groups (p<0.05). Overall, treatment only accounts for 0.10% of the total variance (p>0.05, 
F=0.60). 
 
Figure 3.6. Fire ant percent mortality observed over  a period of 7 days after receiving 1 ng 
dsRNA, 2 ng dsRNA, positive control, or autoclaved tap water. Standard deviation is represented 
for each day and significance was determined using repeated measures ANOVA. 
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3.3.3. dsRNA administration to S. invicta larvae 
 Short Neuropeptide F Receptor gene expression was not significantly different as a 
function of time in S. invicta larvae that received 1 ng dsRNA (p>0.05), but there was a significant 
difference in gene expression between ants that received 10 ng dsRNA and ants that received 1 ng 
dsRNA (p<0.005). Gene expression stayed relatively constant in ants that received 0.2 µL 
autoclaved tap water and ants that received no application, but gene expression varied immensely 
in ants that received the MEGAScript positive control (Fig. 3.7).  
 
Figure 3.7. 18S gene expression normalization indexes of sNPFR gene expression in S. invicta 
larvae that received 1 ng dsRNA, 10 ng dsRNA, MEGAScript positive control dsRNA (+), 
autoclaved tap water, or no application (NAC) over a period of 24 hours. Significance was 
determined using one-way ANOVA and a Bonferroni post-hoc test and standard deviation error 
bars are denoted. 
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4. Discussion 
4.1. sNPFR differential gene expression analysis 
 Short Neuropeptide F Receptor gene expression was examined using qRT-PCR, and was 
analyzed for statistical significance. This receptor is found in high concentrations in the brain, 
midgut, Malphigian tubules, fat body, and ovaries of mated S. invicta queens and larvae (Lu and 
Pietrantonio 2011). While that is true, this study exemplified no overall statistical difference in 
gene expression between different S. invicta caste members. Female alates (p<0.005) and major 
workers (p<0.05) exhibited significantly lower gene expressions than mated queens, minor 
workers, pupae, or larvae, however. This may be partially due to RNA extractions from differing 
tissue concentrations among different S. invicta castes. Queens are substantially larger, and tissue 
concentration varied between queens and other caste members. In this sense, protein localization 
in the different castes would provide more informative results about differential gene expression. 
A future study may be considered, in which peripheral tissues are removed so total RNA is only 
extracted from nervous tissue in different caste members. This could eliminate peripheral 
contamination as a source of error in determining differential gene expression.   
4.2. dsRNA administration to S. invicta larvae and adults 
4.2.1. Adults: mortality study 
 Double-stranded sNPFR RNA was produced and orally administered to S. invicta workers 
to initiate the innate RNAi response. When this study was performed, there was no significant 
difference in mortality between groups that received dsRNA treatment and groups that received 
positive control template, water, or no treatment. This could be partially be due to the high 
concentration of sNPFR in S. invicta tissue. Because the ligand for sNPFR is a neuropeptide, it 
could be difficult to downregulate after peak developmental sensitivity.  The dsRNA may not have 
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reached its target sites when given to the S. invicta workers orally. Solenopsis invicta contain a 
large amount of innate gut microbiota, and that, along with digestive enzymes, may have prevented 
the dsRNA from reaching its targets. There may have also been a flaw in primer design, affecting 
the efficacy of the dsRNA used for the treatments. Future studies should be performed to determine 
a better dsRNA administration method for S. invicta adults. 
4.2.2. dsRNA administration to S. invicta larvae 
 Double-stranded sNPFR RNA was produced and topically administered to S. invicta 
larvae, and gene expression was analyzed over a period of 24 hours using qPCR. Gene expression 
did not significantly decrease with time in either treatment group, although larvae that received 1 
ng dsRNA exhibited significantly lower sNPFR gene expression than ants that received 10 ng 
dsRNA, which was expected. The significant difference between brood that received a higher 
concentration of dsRNA and brood that received a lower concentration of dsRNA indicates that 
this topical application technique may result in decreased gene expression, but more trials need to 
be performed to verify the efficacy of this method. 
 Variation in gene expression, analyzed by qPCR, may have been partially due to 
unforeseen brood deaths. Solenopsis invicta workers care for brood, and the lack of workers to 
care for the brood in the 24 hours of study may have resulted in some larval death, which would 
cause rapid RNA degradation. This, along with variation in RNA quality, may play a role in the 
absence of explicit gene expression relationships as a function of time. Not only that, but several 
qPCRs were run, so the treatment groups were run in different qPCR batches, which may have 
played a role in the large variation in Ct values.  A future study should be conducted in which S. 
invicta larvae receive dsRNA treatments and gene expression is quantified over a shorter period 
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of time (12 hours). This would eliminate larval mortality as a confounding variable and would 
provide a better representation of the effects of sNPFR dsRNA application.  
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Chapter Four 
The downregulation of short Neuropeptide F Receptors (sNPFRs) in Nylanderia fulva using 
RNA interference (RNAi) 
1. Introduction 
          Invasive species can detrimentally affect native ecosystems, agriculture, forestry, and 
human health, and can result in immense economic loss (Pimentel et al. 2005). Large numbers and 
interspecific competition makes ants one of the most devastating invasive pests across the globe 
(Kronauer 2014).  Like Solenopsis invicta, The Tawny (Rasberry) crazy ant, Nylanderia fulva, is 
an invasive ant species that has become a nuisance in the southern United States (Kronauer 2014). 
Large populations, superior competition abilities, and difficulty to control populations have 
justified concerns about the potential for a severe economic and ecological impact (Chen et al. 
2013).  Crazy ants were named after their quick and erratic foraging behaviors, and Rasberry crazy 
ants were specifically named after their discoverer in Texas, Mr. Tom Rasberry (Chen et al. 2013) 
when they were discovered in 2002 in Pasadena, Texas (Meyers 2008). Though nomenclature was 
originally difficult, they were eventually identified as Nylanderia fulva (Chen et al. 2013). 
 Nylanderia fulva nests contain numerous queens (polygynous), males, workers, and brood, 
(eggs, larvae, and pupae), and are located in soil cavities or in objects on ground surface (LeBrun 
et al. 2013). These workers are tawny in color, monomorphic, have long legs and antennae (12 
segments with no club), and display long hairs that cover their bodies (McDonald 2012) (Fig. 4.1). 
Males are roughly the same size and color as workers, but queens are much larger than workers 
and are significantly darker brown in color (McDonald 2012). Like many other ant species, the 
diet of N. fulva consists of insects and sugary exudates of plants and hemipteran insects, so they 
are considered omnivorous (LeBrun et al. 2013). 
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Figure 4.1. Profile view of N. fulva worker (Courtesy of J.A. MacGown, Mississippi State 
University) 
Although this species has many characteristics that are typical of most ant species, this invasive 
pest is extraordinary. In Columbia, N. fulva is considered a nuisance and has rapidly displaced 
native fauna (MacGown and Layton 2010). The high population densities of N. fulva has resulted 
in electrical short circuits and other electrical problems in Texas due to an accumulation of colonies 
in electrical equipment (Sharma et al. 2013, Meyers 2008). Ants are strongly attracted to both AC 
and DC electric fields; however, shorting of electrical equipment due to large accumulations of 
these ants could also be a result of opportunistic worker ant foraging rather than electric field 
attraction (McDonald 2012). Nylanderia fulva have spread rapidly and have been identified in 
Texas, Mississippi, Florida, and Louisiana (Gotzek et al. 2012) (Fig. 4.2). Additionally, beekeepers 
in Texas have reported that these omnivorous invasive pests also destroy and occupy honeybee 
hives, contributing to the rapid disappearance of honeybees (Harmon 2009). While the preceding 
examples display their invasive tendencies, N. fulva has also begun to outcompete and displace the 
red imported fire ant, Solenopsis invicta Buren (Chen et al. 2013), which is arguably one of the 
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most costly and invasive arthropods in the United States (Gotzek et al. 2012). Nylanderia fulva 
use formic acid, undecane, and 2-tridecanone to neutralize S. invicta venom, allowing them to 
compete in a way many other ant species cannot (Chen et al. 2013).  Although N. fulva does not 
sting, these insects have an acidopore that is used to project the formic acid that is used for defense, 
and have been known to bite (McDonald 2012). While behavioral information is available for N. 
fulva, genomic and molecular information is still widely unpublished. 
 
Figure 4.2. Native (blue triangles) and invasive (red circles) occurrences of N. fulva in South 
America, the Caribbean, and the Southern United States (Kumar et al. 2015). 
 
Neurotransmitters and neuromodulators are largely responsible for informational 
processing in the central nervous system (CNS) (Lu and Pietrantonio 2011). One important group 
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of signaling molecules are neuropeptides, which act as neuromodulators or neurotransmitters in 
the CNS, and as circulating neurohormones in the hemolymph (Lu and Pietrantonio 2011). 
Neuropeptides influence and control a variety of physiological functions in invertebrates (Lu and 
Pietrantonio 2011). They act by the coordination of numerous neuronal circuits that may involve 
the participation of sensory neurons, interneurons, and motor neurons (Castillo and Pietrantonio 
2013).  Short neuropeptide F (sNPF) is a neuropeptide that has been identified in several arthropod 
species, and is the orthologue to the mammalian neuropeptide Y (NPY). (Castillo and Pietrantonio 
2013). 
 The mammalian NPY contributes largely to the regulation of food intake, enzyme 
secretion, motility, circadian rhythms, and other physiological processes (Mertens et al. 2002). 
Neuropeptide Y-expressing neurons are highly concentrated in the mediobasal hypothalamus and 
have large effects on feeding and energy homeostasis (Rojas et al. 2015). These neurons have also 
been known to play a role in the regulation of hepatic lipid and glucose metabolism (Rojas et al. 
2015).  Short Neuropeptide F has been studied extensively in Drosophila melanogaster, but has 
also been found in Bombyx mori, Aedes aegypti, Culex quinquefasciatus, Tribolium castaneum, 
and Nasonia vitripennis (NCBI). In most arthropods that have been studied, sNPFs are six to 
eleven acid residues in length and are vital in the regulation of critical functions such as: feeding 
and growth, stress responses, locomotion, olfaction, hormone release, and learning and memory 
(Castillo and Pietrantonio 2013).  
Short neuropeptide F activates by binding to the sNPF receptor (sNPFR), which is a G 
protein-coupled receptor (GPCR) that is similar to the mammalian NPY receptor (Y2) (Castillo 
and Pietrantonio 2013). The gene coding for this receptor has been identified in S. invicta, and is 
hypothesized to be involved in nutritional status and the differentiation into subcastes in the red 
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imported fire ant (Castillo and Pietrantonio 2013). The downregulation of this critical gene could 
potentially lead to an increase in mortality and other detrimental phenotypes that could serve as a 
management technique of this invasive insect.  
RNA interference (RNAi) is an understood regulator of biological systems in insect 
species. Through the introduction of double-stranded RNA (dsRNA), messenger RNA (mRNA) 
sequences that are complementary to those dsRNA sequences can be degraded. This technique 
was initially discovered in Caenorhabditis elegans and plants, but can be used to induce gene 
silencing in a variety of organisms, including fungi, protozoans, and metazoan animals. The 
molecular mechanism of RNAi is as follows: dsRNA that is introduced into a cell is first cleaved 
by Dicer, a ribonuclease, into ~21 nucleotide bp fragments. The resulting small interfering RNAs 
(siRNAs) are then incorporated into a protein complex, the RNA-induced silencing complex 
(RISC), in which the cleavage of homologous mRNAs prevents their expression (Lehner et al. 
2004). RNA interference technology involves the production of dsRNA and the administration of 
this dsRNA to the research organism in order to stop translation of mRNA into a targeted protein. 
This process has been used to successfully downregulate PBAN gene expression and increase 
mortality in S. invicta larvae (Choi et al. 2012).  Double-stranded RNA has also been used to 
downregulate two genes, an endogenous digestive cellulose enzyme and a caste-regulatory 
hexmerin storage protein, in the termite Reticilitermes flavipes (Zhou et al. 2008). In this study, 
primers designed for S. invicta were used on N. fulva brood to examine if the dsRNA application 
protocol outlined earlier (Rudolph 2015) would be an adequate method to downregulate sNPFR in 
N. fulva as a potential method of biological control for this invasive ant species. This could make 
it possible to manage S. invicta and N. fulva populations using one dsRNA construct. 
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2. Materials and Methods 
2.1. Crazy ant collecting and rearing 
 Nylanderia fulva colonies were in Galveston County, TX using his modified drip 
technique, and reared in Huntsville, TX by Danny McDonald (McDonald 2012).  
2.2. Isolation of the sNPFR gene 
Since little molecular data is available for N. fulva, S. invicta primers were designed for the 
sNPFR gene using the NCBI (National Center for Biotechnology Information) database primer 
design. The primer set: sense primer (5-TAGGCGGTTGGGTTTTTGGT-3’) and anti-sense 
primer (5’-TTTTCTCTCGCGCTCCTCT-3’), was designed from the preceding mRNA sequence 
deposited on NCBI (Accession number: DQ026281). CTAB DNA extractions (Crosslin et al. 
2011) were performed on S. invicta and N. fulva and the extracted DNA was stored in a -20°C 
freezer. PCR was run on the S. invicta and N. fulva DNA using the Amplitaq Gold 360 master mix, 
following manufacturer protocol (Life Technologies, Austin, TX), using 1 µL DNA and 1 uM 
forward and reverse primers for a total reaction volume of 25 µL, with the following thermal 
profile: one cycle at 95°C for 10 minutes; 45 cycles at 95°C for 30 minutes, 50°C for 35 minutes, 
and 72°C for 90 minutes; one cycle at 72°C for 7 minutes; and a 4°C hold. The PCR product was 
gel purified using the protocol outlined in the QIAquick Spin Handbook (2001), and was sent for 
Sanger sequencing at the DNA Analysis Facility on Science Hill at Yale University, New Haven, 
CT which ultimately confirmed the presence of sNPFR in N. fulva.  
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2.3.N. fulva primer tests using qPCR 
To assess the viability of sNPFR as an effective gene to downregulate in N. fulva as a potential 
management method, TRIzol (Life Technologies, Carlsbad, CA) reagent protocol was used to 
perform a total RNA extraction on N. fulva workers that had been kept frozen in a -20°C freezer. 
The resulting total RNA was reverse transcribed to produce cDNA using the MuLV first strand 
synthesis reverse transcriptase kit (New England BioLabs) as per manufacturer protocol. qPCR 
primers were designed (Table 4.1) and qPCR was performed on the resulting cDNA using a 
specifically-designed qPCR primer set: sense primer (5’-AATCTCGCGCTCAGTGACAT) and 
anti-sense primer (5’-TACCAAAAACCCAACCGCCT) to amplify an 88-bp product. 
Table 4.1. A table that exhibits the qPCR primers designed for sNPFR in N. fulva. Five primer 
sets were designed, but Primer set 2 exhibited the most prominent amplification, so that was the 
primer set that was used for N. fulva qPCR.  
Primer Set Forward Reverse Product size (bp) 
1 TTGGTGATCTTCGTCGTCGG ACCAAAAACCCAACCGGCTA 150 
2 AATCTCGCGCTCAGTGACAT TACCAAAAACCCAACCGCCT 88 
3 GAAGAGGAGCGCGAGAGAAA CGATGTTCAACGGCAACCAG 91 
4 GGCTGTGCAGCTAGTGTTCT ATGTCACTGAGCGCGAGATT 150 
5 TTCAGTGCGTTACGTCGGT CTCTCGCGCTCCTCTTCTTC 149 
 
qPCR was performed on the N. fulva cDNA using the Platinum Taq mastermix as per 
manufacturer’s protocol (Life Technologies, Austin, TX) with the following thermal profile: 94°C 
for 30s, 54°C for 30s, 72°C for 6s, 60°C for 5 s, repeated 30 times, followed by a melt curve 
obtained by ramping from 50°C to 90°C by adding 1°C each step for 90s, with five seconds 
between each step, followed by a hold at 4°C. This was performed using a No Template Control 
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(NTC), the standards produced in the following step, and a random cDNA sample that was reverse 
transcribed from N. fulva worker total RNA.  
2.4.Development of a standard 
A standard curve for future qPCR use was developed by amplifying the sNPFR sequence using 
the previously-described qPCR primers, then running the amplified product through a 2% agarose 
gel and excising the band using a QIAquick Gel Extraction kit. The resulting amplicon was then 
amplified again using the same PCR protocol outlined above, then was serially diluted in 10 
sequential 1/100 ul dilutions. The concentration of each of the dilutions was determined using 
Nanodrop 1000, which was used to calculate the total number of amplicon copies in each dilution. 
ANOVA and Tukey’s post-hoc tests were used to determine statistically significant differences in 
sNPFR gene concentration (edmemo.com/bio/dnacopynum.php). 
3. Results 
3.1. Isolation of the sNPFR gene in N. fulva 
 Nylanderia fulva DNA that was extracted using the CTAB protocol above was run on a 
1% agarose gel alongside a GelPilot 100 bp plus ladder (Qiagen, cat. no. 239045) and S. invicta 
DNA as a positive control (Fig. 4.3). Sequencing results, from Yale Sequencing at Science Hill, 
of this purified DNA indicated a 99% match for S. invicta sNPFR after running a Nucleotide 
BLAST (blastn). 
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Figure 4.3. Confirmation of sNPFR gene sequence in N. fulva workers by 1% agarose gel, and 
GelPilot 100 bp plus ladder (cat. no. 239045). Circled in red is a 450 bp N. fulva amplicon that 
was amplified by the previously designed primer set. Wells one and two contain S. invicta DNA 
as a positive control. 
 
3.2. N. fulva primer tests using qPCR 
 Previously described S. invicta primers were used to amplify a 450-bp product in N. fulva 
workers using qPCR and the Amplitaq Gold 360 mastermix, according to manufacturer’s protocol, 
once more on qPCR. The resulting quantification curve exhibited an evident decrease in sNPFR 
gene concentration with decreasing cDNA concentration (Fig. 4.4). Critical threshold values 
significantly increased with decreasing cDNA concentration (p<0.05), but the sample with 103 
copies had a significantly lower copy number (p<0.05) (Fig. 4.5).  
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Figure 4.4. PCR optimization for S. invicta sNPFR primer sets. Serially-diluted cDNA samples 
were run on qPCR and showed decreased amplification intensities as the concentrations 
decreased. The concentrations (copy numbers) were as follows: 1011 (red), 1010 (blue), 109 (sky 
blue), 108 (orange), 107 (lavender), 106 (forest green), 105 (pink), 104 (light blue), 103 (purple). 
The random cDNA sample is represented as a black line and the NTCs are represented as light 
green lines. 
 
 
 
Figure 4.5. Ct values from qPCRs run with N. fulva cDNA were obtained and showed a general 
increase with increasing sample concentration. Error bars were included on graph, and 
significance was determined by repeated measures ANOVA. 
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4. Discussion 
4.1. N. fulva primer tests using qPCR 
 qPCR data analysis indicated that the sNPFR primers designed for S. invicta work for N. 
fulva cDNA as well. There was an obvious increase in PCR amplification with increased cDNA 
concentration and an obvious increase in Ct value with decreasing cDNA concentration. While 
that is true, the No Template Control (NTC) did amplify, which implies that there may be a source 
of contamination, or the NTC may have shown amplification due to the formation of a primer 
dimer. Normally, the amplicon would be sent for sequencing to identify the source of 
contamination, but the product size (88-bp) was too small.  The melt curve was analyzed, and the 
NTC amplified at a different temperature than the samples containing cDNA template, so it can 
be assumed that the NTC was not contaminated with N. fulva cDNA. After testing the sNPFR 
primers on N. fulva cDNA, further research could be done in which differential gene expression 
of this gene could be analyzed to identify any potential differences in gene expression between 
different N. fulva caste members. This gene could be localized to identify the presence of sNPFR-
containing cells in the central nervous system, specifically the subesophogeal ganglion, of N. fulva 
mated and unmated queens, and female workers.  
 While the sNPFR gene can be a potential target for downregulation using RNAi, the 
primary concern about this gene is that there are implications of the dsRNA affecting distantly 
related ant species. To prevent this from happening, primers would need to be produced according 
to ants’ variable regions to ensure that the dsRNA would not affect non-target ant species. This 
process would require a substantial amount of sequence data from a wide range of ant species.  
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Chapter Five 
Conclusions and Future Research 
Conclusion 
 In the United States, invasive species represent one of the largest biological sources of 
ecological and economic damage. These invasive pests disrupt and out-compete endemic species 
for resources and space, which substantially reduces biodiversity and alters food webs. Red 
imported fire ants, Solenopsis invicta Buren, is among the most costly invasive species worldwide, 
costing approximately six billion dollars (U.S.) in damage and medical costs annually in the United 
States alone. This invasive pest is highly aggressive and has few natural enemies in the United 
States, attributing to its rapid expansion and need for a proper management technique.  
 Until now, traditional chemical control agents have been used, but these have only 
produced a short-term, isolated population control, and have been shown to have off-target effects 
on other arthropods and vertebrate species.  For this reason, a new group of insecticides, the 
diamides, has been produced that has a safe ecotoxicological profile and produces few off-target 
effects. These diamides, specifically, anthranilic diamides, bind to the insect ryanodine receptor, 
resulting in intracellular calcium efflux and insect mortality. The preceding research helps answer 
some questions about the efficacy and viability of this group of insecticides as a potential 
management technique of S. invicta.  
 While the diamides represent a group of compounds that provide chemical management of 
insects, RNA interference technology is a powerful regulator of biological systems that is currently 
used in insects and plants. This process involves the production of dsRNA and the administration 
of this dsRNA to the research organism in order to stop translation of mRNA into a targeted 
protein. RNA interference has been used to successfully downregulate PBAN gene expression and 
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increase mortality in S. invicta larvae. By demonstrating that RNAi can be used to downregulate a 
given neuropeptide gene in S. invicta, pest management professionals could potentially utilize this 
technology as a tool to control S. invicta populations.  
 The second chapter of this document includes methods that describe the administration of 
cyclaniliprole, a novel anthramilic diamide, to S. invicta workers. Oral consumption of 
cyclaniliprole resulted in significant mortality in S. invicta workers, especially when they received 
higher concentrations. This exhibits the potential for the use of this new insecticide as a 
management tool of S. invicta. The third chapter of this document includes methods that describe 
the production of dsRNA for the short Neuropeptide F Receptor (sNPFR), and the administration 
of this dsRNA to S. invicta brood and adult workers. Short Neuropeptide F Receptor is a G-protein 
coupled receptor that binds Short Neuropeptide F (sNPF), which is an understood hormone and 
circadian rhythm regulator, and appears to be involved in caste differentiation in S. invicta. The 
final chapter of this thesis involved the testing of the sNPFR primers on the tawny crazy ant, 
Nylanderia fulva, an enemy of S. invicta that is now a costly invasive species in the southeastern 
United States. These sNPFR primers worked on N. fulva workers, so a single dsRNA construct 
could potentially be produced for both S. invicta and N. fulva to help manage both of these invasive 
pests.  
 The preceding research explores the numerous management possibilities of S. invicta and 
N. fulva with the use of the slightly less toxic anthranilic diamides or non-toxic RNAi technology. 
I would like to perform more research on this invasive arthropod species and explore different 
potential dsRNA targets so RNAi could be a viable management tool in the near future. By 
identifying different neural genes that are critical in S. invicta development or locomotion, RNAi 
could potentially cause significant mortality without off-target effects. These dsRNA constructs 
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could be administered to S. invicta and N. fulva to examine if both of these arthropod species could 
be managed using a single construct. I would also like to have the opportunity to try anthranilic 
diamides on N. fulva to determine its efficacy for this invasive ant species as well.  
 
